Amphion/NAV: Deductive Synthesis of State Estimation Software

JonWhittle

PeterRobinson Tom Presshrger
MichaelLowry

Phil Oh

Jefrey VanBaalen JohanrSchumann

JohnPenix
GuillaumeBrat

ASE Group:NASA, QSS,RIACS,KestrelTech.,U. Wyoming
NASA AmesResearclCenter Moffett Field, CA 94035

1 Introduction

Previous work on domain-specificdeductve program
synthesiq8, 9] describedthe Amphion/NAIF systemfor
generatindg-ortrancodefrom high-level graphicakpecifica-
tions describingproblemsin spacesystemgeometry Am-
phion/NAIF specificationgescribeinput-outputfunctions
that computegeometricquantities(e.g., the distancebe-
tweentwo planetsat a point in time, or the time whena
radiocommunicatiorpathbetweera spacecrafandearthis
occludedpy composingogetherFortransubroutinegrom
the NAIF subroutinelibrary developedat the Jet Propul-
sion Laboratory In essenceAmphion/NAIF synthesizes
codefor glueingtogetherthe NAIF componentsn a way
suchthatthe generatedtodeimplementshe specification,
with a concurrentlygenerategroof that this implementa-
tion is correct. Amphion/NAIF demonstratethe successf
domain-specifideductve programsynthesisandis still in
usetodaywithin the spacesciencecommunity However, a
numberof questiongemainedpenthatwe will attemptto
answeiin this shortpapernamely:

e Can the deductve synthesisstratgly be extended
from thegeneratiorof input-outpufunctionstoitera-
tive,imperatve programswithoutincurringthe com-
putationalcompleity penaltieentailedby mostthe-
oreticaltreatment®f theformal derivationof imper
ative systems?

¢ Canthe methodologyfor developing an Amphion-
like programsynthesissystembe usedin other do-
mains, particularlywherea well-definedcomponent
library doesnot alreadyexist?

e Can the development of Amphion-like domain-
specificprogramsynthesissystemsbe modularized,
with substantiateuseattheintersectiorof domains?

e How can the mechanizedproof of implementation
correctnes$e usedin the software processhy end-
usersunfamiliarwith formalmethods?

In order to investigatethesequestions,we developed
Amphion for a new, much richer domain, namely Guid-
ance,Navigation & Control (GN&C) algorithms,in par
ticular single-modegeometricstateestimationsoftwarefor
aerospacegehicles. AMPHION/NAV generatesodefor in-
tegratinga modelof the vehicledynamicswith atemporal
streanof datafrom multiple sensosourcesn astatistically
optimalway usingoneor moreKalmanfilters[1, 3]. GN&C
algorithmsareoftencomple, involving iterative loop algo-
rithms and real-time considerationsuch as extrapolating
sensordataso that datais integratedat the samepoint in
time. Althoughtherearestandarccomponentswvailablefor
this domain(e.g., matrix manipulations Kalmanfilter al-
gorithms),thereis no easilydefinedsetof componentshat
coverthedomainfully.

AMPHION/NAV incorporatesthe Amphion/NAIF do-
main theory as one componentin a much larger domain
theory demonstrating form of theoryreuse.In particular
theAmphion/NAIF domaintheoryprovidestheformulation
of the geometricconcepts.AMPHION/NAV is alsoan up-
gradedversionof the samearchitectureasAmphion/NAIF,
andthusdemonstratessusabilityacrossa numberof com-
ponentsincluding the specificationinterface and the de-
ductionengine.AMPHION/NAYV incorporateganenhanced
back-endtodegeneratosuitablefor iterative programsand
significantlyextendsthe explanationcapabilitiesof the pre-
vious Amphion system[9]. The codegeneratedby AM-
PHION/NAV is annotatedwith detailed explanationsde-
scribing where each expressionin the code came from.
Theseexplanationsareconstructedby tracingautomatically
throughthe proof that producedthe code and composing
explanationdor eachof the axiomsusedin theproof. As a
result,eachprogramexpressioncan be explainedin terms
of the conceptsn the specificationfrom which they were
derived. Theseexplanationsaregivenin theform of hyper
linkedtext in astandardhotationof the GN&C domain.

BecauseGN&C algorithmsare often usedin safety-
critical systemsgetailedexplanationsarecrucialto provide



ameandor a certificationbody suchasthe FAA to exam-
inethecodein detailandto know preciselywhereeachcode
expressiorcamefrom. Explanationsaarealsocrucialwhen
thegeneratedodeneedgo be modifiedor integratedit into
alargersystem.

The domainof stateestimationturnsout to be a good
challengedomainfor deductve synthesisDevelopingstate
estimationsoftware tendsto be a black art. In princi-
ple,the engineesshoulddevelopa mathematicainodelthat
closelyresembleshereal-world characteristicsf theprob-
lem. The outputof simulationruns on this model should
thenbe usedto refinethe modeluntil a thresholdlevel of
accurag is reached.In practice,however, engineersstart
off with a mathematicamodelbut the time and costcon-
straintsassociatedvith the projectmeanthat they merely
“tweak” parameters theircoderatherthanreassessinthe
fidelity of the model. Programsynthesissncouragesnal-
ysisto take placeat the modelinglevel and enablesrapid
designspaceexploration.

2 Background on State Estimation

Thedomainof interestfor AMPHION/NAV is thatof ge-
ometricstateestimationj.e., estimatingheactualvaluesof
certainstate variables (suchasposition,velocity, attitude)
basednnoisydatafrom multiple sensosourcesThestan-
dardtechniquefor integratingmultiple sensoidatais to use
a Kalmanfilter. A Kalmanfilter estimateghe stateof a
linear dynamicsystemperturbedby Gaussiarwhite noise
using measurementBnearly relatedto the statebut also
corruptedby Gaussianwhite noise. The Kalmanfilter algo-
rithmis essentiallyarecursveversionof linearleastsquares
with incrementalipdates.

The stateestimationproblemcanbe representethy the
following equationsgivenin vectorform:

x(t) = f(x(t),t) + w(t) 1
z(t) = h(x(t), 1) + v(t) ()

The first equationis the processmodel, a vector dif-
ferential equation modeling how the state vector x(t),
changesover time. The secondequationis the measure-
ment model, relating the measuredvariablesto the state
variables Specificallyx(t) is thestatevector(with x(¢) the
time derivative) of quantitieso be estimatede.g.,position,
attitude, etc.), z(¢) is a vectorof measurementfhe state
variablesarenot necessarilyneasuredirectly), v(t), w(t)
areGaussiawhite noiseperturbancesn the measurement
and processmodel respectiely and f and h are possibly
nonlinearcontinuougunctionsthatmustbe discretizedor
implementatiorpurposes.

A Kalmanfilter is an iterative algorithmthat returnsa
time sequencef estimate®f the statevector, x(¢), by fus-
ing the measurementwith estimatef the statevariables

basedon the procesamodelin an optimalfashion,i.e., the
estimatesminimize the mean-squar@stimationerror. In
the casewhereeither f or h is nonlinear a Kalmanfilter
canstill beusedby first linearizingarounda “nominal” es-
timate. After linearizationanddiscretization,f andh can
be representedby matrices® (the statetransitionmatrix)
andH (themeasurememnhatrix) respectiely.

The standardmplementatiorof a Kalmanfilter requires
seveninputs: the ® and H matricesthe covariancestruc-
tureof the procesandmeasurememoise(w(t) andv(t)),
aninitial stateestimatex(to), anerrorcovariancematrix of
theinitial estimateand,of coursethesequencef measure-
ments.During eachiterationof thefilter, the stateestimate
is updatedbasebn new measurementndthe estimateer-
ror covarianceis updatedor the next iteration.

The AMPHION/NAV systemtakesasinput a specifica-
tion of the processmodel(a typical modelis a description
of the drift of anINS systemover time), a specificationof
sensorcharacteristicsanda specificationof the geometric
constraintdbetweenan aerospaceehicleandary physical
locationsassociatedvith the sensors suchasthe position
of radio navigation aids. The input specificationalsopro-
videsarchitecturatonstraintssuchaswhetherthereis one
integratedKalmanfilter or a federationof separatdalman
filters. AMPHION/NAV producesas outputcodethat in-
stantiateone or more Kalmanfilters. The usercanrun or
simulatethe code,determinghatit is lacking(e.g.,thatthe
simulatedestimatefor altitudeis not sufficiently accurate),
reiteratethedesign(e.g.,by addingaradioaltimetersensor
to the specification)andthenrerunthe experiment.

3 Amphion/NAV System Architecture
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Figure 1. Architecture of Amphion/NA V with
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Figurel presentshearchitecturef the AMPHION/NAV
system.The domaintheory (Section4) specifieghe types
and operationsignaturesn the domain,and containsaxi-
omsdescribingthe implementatiorof the abstract opera-
tions(which areusedin the problemspecification)n terms



of concrete operationgwhich areusedin the implementa-
tion). The domaintheory also containsexplanationtem-

platesassociatedvith eachaxiom (Section5) providing

documentatiombouttheir meaning.

The processof deductive synthesis [4, 7] submitsthe
specificationand the axiomsof the domaintheoryto the
synthesisengine, which is the SNARK! refutation-based
theorenprover. Thetheoremprover provesthatthe specifi-
cationis aconsequencef thedomaintheory andreturnsa
proofandwitnesstermsfor theoutputvariablesjn ourcase
an applicative term comprisingthe synthesizedorogram.
The codegeneratoiis given the applicatve term and pro-
ducescodein thetargetprogrammindanguageoy applying
severalprograntransformatiorphasesThetargetlanguage
in AMPHION/NAV is C++ andOcTAVE.2 Amphion/NAIF
generatedrortrancode,but only the last phaseof the code
generatoneededo bechangedor AMPHION/NAV .

The codegeneratorecordsa traceof the applicationof
thetransformationsThe Explainlt! componen{Section5)
acceptghe axiomexplanationtemplatesthe proof, the ap-
plicative term, andthe codegeneratottrace,and produces
an explanationstructurefor the final code. This structure
links portionsof the target codeto explanations. The ex-
planationof a portion of target codeis generatedrom the
explanationtemplatesassociateavith theaxiomsthatwere
usedin the creationof thatportionof the code.

4 EngineeringaDomain Theory for State Es-
timation

The stateestimationdomaintheoryrepresentboth the
operationsandalgorithmsin the domainandhow thosedo-
main elementsareproperlyapplied. For the initial version
of AMPHION/NAV describedn this paperthescopes that
of advancedgraduate-leel textbooks(e.g.,[1]) stateesti-
mation examples. In all, six textbookswere usedin de-
velopingthe domaintheory rangingfrom generalapplied
Kalmanfiltersto specializedextsonINS andGPSsystems.
Theexampleausedrangedrom simplestateestimatiorsys-
temswith radiobeacongo comple< INS/GP Ssystemswith
additionalaiding sensors.The methodologyfollowed was
towork from concreteexamplegyivenin thetextbooks,and,
from theseexamplesto identify theconceptof thedomain
andthe relationshipshetweenthoseconcepts. Input from
domainexpertswassolicitedto validatetheseefforts. The
domaintheoryis a collectionof modularsubtheoriegach
containinga setof axiomsdescribingthe primitivesin the
subtheonandtherelationsbetweerthem.

Figure 2 shaws the structureof the subtheoriesn the
currentdomaintheory Thearrowvs shov which subtheories
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importothersubtheoriege.g. theaxiomsfor framecorver-

sionsimportthe NAIF axioms).In thesynthesigroofs,the

NAIF axiomsandframe/coordinataxiomsareappliedus-

ing resolution paramodulatiomnddemodulationAll other
axiomsareappliedusingdemodulatioronly. Thiswasare-

striction madeto controlthe proof process.The arrows in

Figure2 alsomanifestthemselesin the axioms:therules
refine primitives from one subtheoryinto primitivesfrom

a subtheoryconnectedy anarron. Notethatthe leaf no-

desof Figure?2 aresubtheoriesvhoseprimitivesappeaiin

the final applicative term. In essencehigh-level abstract
primitives specifyingKalmanfilter architecturesand sen-
sor configurationsare refinedinto primitivesof Euclidean
geometryand matrix/vector operations. Refinementslso
take placewithin the theoriesthatrefineprimitivesof those
theoriesnto primitivesthatarewrappersaroundcodecom-
ponents.
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Figure 2. Amphion/NA V Domain Theory Orga-
nization

In generalthe synthesisengineappliesproof searchto
apply the axiomsin a way that suits the currentcontext.
This mayinvolve makingpre-definecassumptionasto the
natureof the currentproblem(e.g.,that the nominal esti-
mateis closeenoughto thetruevalueto enablea Taylor se-
riesexpansiorto beaccurateput theseassumptionappear
explicitly in thefinal explanationgresentedo the user

A fully declaratve domaintheoryis idealfor expressing
the conceptdn a new domainandfor communicatingand
validatingtheir relationshipsOn the otherhand,codegen-
eration(regardles®f which synthesi€ngineis used)needs
more guidanceo be successful. As partof our methodol-
ogy, we beganwith a highly declaratve domaintheoryand



thenextendedthis theorywith operationaklementgo en-
ablesuccessfutefinement.

Anotherway to limit the searchspaceis to make useof
decision procedures in the theoremproving process.The
ideais to solve appropriatesubtaskgover groundterms)
thatcomeupin theproofby callsto externalroutinesrather
thanrelyingontheproofengine. Amphion/NAIF contained
decisionproceduregor instantiatingvariableswith the ap-
propriatecoordinatéframe. AMPHION/NAV USESSNARK'S
proceduralattachmentmechanisnto incorporatedecision
proceduresrom the KIF library® (list manipulations nu-
mericmanipulationsetc.) andprocedure$or low-level ma-
trix manipulations.

5 TheExplainlt! Documentation Generator

The code generatecby AMPHION/NAV is annotated
with detailedexplanationslescribingvhereeachstatement
andexpressiorin thecodecamefrom. Intuitively, anexpla-
nationof a statementn the generategbrogramis a collec-
tion of explainedconnectiondetweerthe variables func-
tions and subroutinedn that statemeniand objects, rela-
tions,andfunctionsin the problemspecificatioror domain
theoryrespectiely.

Ourexplanationtechniquenvorksontheproof derivation
of the generategprogramwhich is a tableau,a treewhose
nodesaresetsof formulastogethemwith substitutionsf the
existentially quantifiedvariables,andwhosearcsare steps
in the proof (i.e., they encodethe “derivedfrom” relation).
Thus,anabstracsyntaxtree(AST) of the synthesizegbro-
gramandtheemptyclauseis theroot of thisderivationtree.
Its leavesaredomaintheoryaxiomsandthe problemspeci-
fication. Sincethe AST andall formulasarerepresenteds
tree-structuregerms thederivationtreeis essentiallyatree
of trees.

The explanationgeneratiorprocedurdracesbacka po-
sition in the abstracsyntaxtreethroughthe derivationtree
extracting explanation equalities along the way. These
equalitiesrecordthe links betweenpositionsof different
termsin the derivation. By reasoningwith theseequal-
ities, goal explanation equalities are derived which relate
elementof the generategbrogramwith termsin the speci-
ficationandformulasin the domaintheory

With theseexplanationequalititescalculatedthe appro-
priate explanationtemplatesof the domaintheory axioms
are instantiatedand composed. Finally, an XML docu-
mentis assembled;ontaininganexplanationfor every exe-
cutablestatemenin a synthesizeghrogramin a vocalulary
thatthe domainexpertunderstandsThe explanationindi-
cateswhy thatstatemenis in theprogramandhow the sta-
tementrelatesto the problemspecificatiorandthe domain
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theory Thesestepswvhich areanextensionof work reported
in [9] will bedescribedn thefollowing.

Explanation Equalities. All piecesof aformulaareiden-
tified using a position notation, describedby a pathfrom
theroot of theformulato thatposition. A pathdescription
is a sequenc®f argumentpositionselectorse.g.,the path
(2,1) specifiesthe positionof b in the term f(a, g(b, c)),
i.e., b@(2,1). Explanation equalities capturingthe links
betweenpiecesof a formula are assertionsof the form
$,@p; = $,Q@p, betweertermsd, , &, atpositionsp; and
po in theterm,respectiely. Explanationequalitiesarealso
extractedfor variable substitutionsgeneratedduring each
derivationstep.

Templates. Theaxiomsof thedomaintheoryareannotated
with explanationtemplatesvhich consistof text fragments
andvariables. All variablesoccurringin a templatemust
alsooccurin the axiomto which the templateis attached.
Eachaxiom canhave multiple templatessachof which is
associateavith a differentpositionin thataxiom.

Template Instantiation and Composition. The explana-
tion for a positionin the generategrogramis composed
from the templatesassociatedvith the explanationequali-
ties. This is accomplishedy constructingan equivalence
classCg w.r.t. the explanationequalitiesof the derivation.
Thenthe desiredgoal explanationequalitieslinking a sub-
termto the specificationand domaintheoryare contained
in the correspondingquialenceclass;the templatescan
befoundin the setof templatesattachedo the formulapo-
sitionsin C'g. To constructhe entireexplanation thetem-
platesin this setareinstantiatecandconcatenatetbgether
accordingo theorderin whichthey occurin thederivation.
Document Assembly. The final outputof Explainit! is a
documenivhich explainseachpartof the synthesized¢ode
in a formatsuitablefor the domainengineer The structure
of the explanationis reflectedin the computationaktruc-
ture of the applicatve term. Thus, explanationsare con-
structedfor eachpositionin theapplicatve term. As a flex-
ible intermediatdormat, XML is used pecausd facilitates
the generatiorof variousdocumentormats. Furthermore,
hyperlinks allow theuserto transparentlyracebetweerthe
final code and the explanationdocument. This is neces-
sarybecausehe structureof theimperatve C++ codedoes
notnecessarilgoincidewith thestructureof theapplicatve
program.

XSLT [6] is usedto producethefinal structuredHTML
versionof the explanation.In orderto enhanceeadability
all termscontainingmatricesareshovn asHTML tableg(in
AMPHION/NAV they arerepresenteds hard-to-readists
of lists). Fig. 3 shavs the upperleft cornerof the 2x9 mea-
surementnatrix H. The XSLT parsercaneasilybe modi-
fied to handlevarioussyntactictransformationshusfacili-
tating adaptatiorto otherdomains.Explainlt! is thuscon-
figurablein a similar way like Hallgren's Proof Editor [5],
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or thelLF system[2].

6 Experimentsand Results

We have usedAMPHION/NAV to synthesizé& groupsof
examplesof single-modegeometricstateestimationsoft-
ware. The examplesuseeitheran inertial navigation sys-
tem (INS), or a GPSsystemasits basis. As aiding sen-
sors,we have usedmodelsfor distancemeasuringequip-
ment(DME), VOR (measuringhe anglebetweerthe air-
craft anda fixed station),anda barometricaltimeter The
following table gives an indication of the performanceof
thesystemfor all examples.Thesizeof the specificatioris
givenasthe numberof conjunctsin the textual (logic) rep-
resentatiorof the specification Thedomaintheoryconsists
of 622 axioms, 344 of which have beenreusedfrom the
NAIF domain. Tsyarx depictsthe run-timeto find a proof
(includingloadingof the prover’s Lisp code)in secondsn
a SunUltra 60. Finally, the numberof lines of synthesized
C++is given. This numberincludescommentsandrather
lengthyinterfacecode(300-350inesperexample).

measure min | mean| max
sizeof spec| 67 83| 114
Tsnark[s] 44 | 390 | 1311
C++lines | 712| 950| 1208

7 Conclusions

We have presentedAMPHION/NAV, a deductve syn-
thesissystemfor the automaticgeneratiornof highly doc-

umentedstateestimationsoftwarewith Kalmanfilters. Al-
thoughthere have beenmary improvementsover the old
synthesisystenwith respecto domaincompleity, usabil-
ity, and generatiorof explanationsthereis still a number
of importantissuesto be addressed During development
of AMPHION/NAV it turnedout thatthe graphicalspecifi-
cationlanguage priginally developedfor spacetrajectory
specificationspeedsxtensiondor the stateestimationdo-
main. The original specificationsvererelationalin nature,
whereas functionalspecificatiormaybe moreappropriate
for thenew domain.

As describedn the paper the developmentof the do-
maintheoryturnedout to be a centralissuefor our synthe-
sis system. Although the old NAIF domaintheory could
bereusedn anas-ismannerthestructureanddevelopment
procesdor the domaintheory needsto be improved sub-
stantially We areinvestigatingn how far techniquegrom
object-orientegoftwaredesigncanbe of helpto developa
domaintheoryin a muchmorestructuredandfundamental
way.

In developing AMPHION/NAV, much effort was spent
on the explanationsystem. Automatic generationof doc-
umentationis only a first step. Futurework will inves-
tigate how far deductve synthesiscan supportcomputer
supportectertificationof safety-criticalcodeby automatic
generatiorof verificationproof obligations,invariants,and
otherannotationdor the synthesizeatodewhich thencan
be checledby a smallandtrustedproof checler.
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